Abstract-This paper presents the design and prototyping of a double-beam linear polarized parallel-plate slot antenna at 12-GHz band. Each beam is separated 27.7 and 27.3 , respectively, from broadside direction. Two different radiation patterns are generated, exciting the parallel plate from opposite sides. The radiating elements are composed by three parallel slots, the central slot is close to the resonance, while the side ones are designed to minimize the reflection inside the parallel plate. The length of the slots in the same row is kept constant (periodic walls), and the distance between columns is equal to 0.7 times the wavelength. The designs of the feeding networks and the design of the array of slots generate both beams, pointing toward Hispasat and Astra satellites simultaneously, at the same frequency band. The feeding networks are two microstrip circuits that excite two linear arrays of 24 patches, placed at both sides of the antenna, and generate both quasi-TEM mode plane waves inside the parallel-plate waveguide, propagating from one side to the other.
I. INTRODUCTION
A PARALLEL-plate slot antenna is an attractive candidate for high-efficiency and mass-producible planar phased array antennas for microwave and millimeter-wave applications. Generally, the transmission loss in a waveguide is very small in comparison with other feedlines such as a microstrip line and a suspended line. A radial waveguide was already utilized to excite crossed slots placed in concentric rings on the upper plate by Goebels and Kelly [1] . Afterward, a double-layer broadside radial line antenna with spiral slot arrangement working at 12 GHz for receiving DBS system was proposed by Ando et al. in [2] - [4] . These designs showed higher efficiency than other planar antenna designs using microstrip lines [5] , [6] . A single-layer radial line slot antenna (RLSA) for the same application (receiving DBS system) was first proposed in [7] , where the length of the slots was calculated to get uniform amplitude for optimizing the aperture efficiency. Later on, an optimization process technique for RLSA was developed in [8] and two different design methods were proposed in [9] by Vera and [10] by Akiyama et al. Prof. Ando Laboratory also applied RLSA designs for dual circularly polarization [11] , conical beam with circular polarization [12] , Manuscript received May 10, 2004 ; revised August 6, 2004 . This work was supported by the European Union through the FEDER funds program under Project 1-FD97-0276-C02-02.
M. Sierra-Castañer, M. Sierra-Pérez, and J. L. [13] and linear polarization [14] , [15] . Also, recent works by Davis and Bialkowski [16] , [17] report experimental investigations for linear polarization RLSA. The authors also reported their investigations in RLSA radiating circular polarization in [18] , [19] . The excitation of a parallel-plate antenna with a quasi-TEM mode for linear polarization has been studied by Ando and Hirokawa in 12- [20] , 40- [21] , and 76-GHz band [22] - [24] . These authors also showed a different two beams waveguide slot array in [25] .
Parallel-plate slot antennas analysis has also been studied by Hirokawa et al. [26] intensively; and by the authors, SierraPérez et al. [27] . The analysis method used in this paper is described in a more detailed way in Sierra-Castañer et al. [28] , [29] . This paper presents a prototype, in a 12-GHz band to show the viability of linear polarization parallel-plate slot antenna for receiving of transmitting signals toward or from both satellites, with a planar structure. The prototype includes two linear horizontal polarized beams pointing from Madrid to Astra and Hispasat Satellites. Section II shows the main characteristics of antenna structure, Section III shows the analysis model, Section IV shows the design process, subdivided in feeding network, radiation element and array of slots. Section V shows the main measured results of the prototype, and Section VI the conclusions of this paper.
II. ANTENNA STRUCTURE
The antenna is a parallel-plate waveguide slot array (Fig. 1 Fig. 3 . Double-beam antenna structure and feeding area detail. and 3). Each one of these arrays generates the electric fields (quasi-TEM modes) inside the waveguide to obtain both radiation patterns. The quasi-TEM modes are travelling waves propagating from each feeding array to the opposite side of the parallel plate. Each 24 microstrip patches linear array microstrip circuit is placed at the opposite sides of the antenna rectangular aperture, and designed to tilt the main beam toward Hispasat (input 1) and Astra (input 2), respectively.
The parallel-plate waveguide, for this first prototype, is filled with two dielectrics, one bottom layer of foam ( mm) and one upper layer of fiberglass ( mm). The slots are grabbed on the upper plate of the fiberglass (Fig. 4) . The main values of the structure are shown in Table I .
The design of the progressive phase in the feeding linear arrays of patches tilts the beams in the plane, and the design of the radiating slots tilts the beams in the plane. Therefore, the main radiation lobe from each beam point to one of the objective satellites, in the angular directions ( and ) shown in Table II Fig. 4 shows the structure of the antenna for analysis purposes, including the coordinate system. This antenna is analyzed with a Galerkin method of moments [26] . The set of integral equations is derived applying the field equivalence theorem, where each slot is replaced by an unknown equivalent magnetic current sheet backed with a perfect electric conductor wall. The continuity condition for the tangential magnetic fields on each slot aperture gives (2) where is the impressed magnetic field (incident TEM mode) in the parallel-plate waveguide, is the surface for each slot, and and are the Green's functions for the magnetic field caused by a equivalent magnetic current in the parallel plate and the half free space, respectively. For this antenna structure, the height of the slot has been neglected (fiberglass metal layer). The dyadic Green's functions for this structure are formulated in [29] for a rectangular waveguide. These Green's functions are expressed in terms of the Hertzian Potentials for TE and TM modes. In [26] periodic boundary conditions are applied to modify the Green's functions for the waveguide, and adjust those to an infinite periodic parallel-plate waveguide.
In this paper, two modifications are included to consider the effect of the nonorthogonal propagation of the quasi-TEM mode respect the feeding structure (to get a tilted beam in plane) and the two dielectric layers in the parallel-plate waveguide. The Hertzian potentials for TE and TM modes, considering periodic boundary conditions for a nonorthogonal incident wave [30] (only one layer), and the coordinate system of Fig. 4 , are -TE modes (H modes):
-TM modes (E modes): (4) where represents all the possible values of and is the height of the parallel-plate waveguide, is the periodicity distance (separation between two columns of slots), 90-is the maximum radiation angle in plane respect the z axis, and is the free-space wavenumber. The parameter is the normalized constant and its value depends on the mode (5) The cut-off wavenumber for this structure is given by (6) and the propagation constant in the periodic waveguide direction for each mode is
The second modification in the Green's function of the parallel-plate waveguide from [26] is due to the double-layer structure, where Hybrid modes (LSE and LSM) are considered [31] .
The propagation constant for each mode is obtained applying the transverse resonance method, making equal the input impedances observed at the transition between both layers. The conditions for both Hybrid modes are -LSE modes: (8) -LSM modes: (9) where and are the height for layer 1 and 2, and is the wavenumber in direction for both layers, and are the dielectric permittivity, and is the magnetic permeability for both layers. These equations are completed with the dispersion relation for each layer of the structure (10) where and are the relative dielectric constant for both layers, and is the wavenumber in direction (for each mode )
The Hertzian potentials (according to Fig. 4 coordinate system) for this structure, in the fiberglass (slots area), are -LSE modes:
-LSM modes (13) IV. ANTENNA DESIGN If antenna is orientated to receive horizontal polarization from both satellites, the required azimuth and elevation angles from the antenna to Hispasat and Astra, considering the z-axis orthogonal to the antenna (Fig. 1) are shown in Table II ( and ). The antenna design has been divided in three steps: feeding network, radiating element and array of elements. The feeding networks are designed to get a tilt angle in plane for each beam equal to 90- (Fig. 4) , and the array of slots to get a tilt angle in plane equal to 90- (Fig. 5) . Table II shows these values.
A. Feeding Network
Two feeding networks, one for each satellite, are placed in opposite sides of the parallel plate. Each feeding network is a 24 patches linear array antenna (Fig. 2) that generates a quasi-TEM mode plane wave inside the waveguide.
The 24 patches are excited with same amplitude and a progressive phase different for Hispasat and Astra feeding network to get a radiating beam tilt of 3.1 and (90-angle), in the plane, respectively. Progressive phase ( angle) for each beam is represented in Table II , and its value is calculated as (14) where is the separation between lines of slots ( mm) and is the free-space wavenumber. Excitation networks are designed using Ensemble 5.1. A short circuit is placed between the microstrip lines and the patches (Fig. 3) to reduce the coupling effect between them. The distance from the patches to the short circuit is designed to optimize the power radiated toward the parallel plate. The design of the feeding network is realized independently from the slots; however, simulations and measurements confirm a good matching in the antenna ports.
B. Radiating Element
The radiating element is based on slots on the top plate of the parallel waveguide. Since the antenna has to receive (or transmit) signal from both beams, and each one is generated through a feeding network located at opposite sides of the antenna, the radiating element is symmetrical. The problem of having only one slot is the reflection that generates inside the waveguide. This reflected wave makes extremely difficult the design of the lengths and position of the slots in the array (since the objective is a progressive wave antenna). Other designs [21] , [22] use a pair of slots, and optimize the dimensions and positions of both slots to reduce the reflection of the pair. In this design, three slots are proposed as radiating element (Fig. 6) , where the two side slots have the same length and are placed symmetrically respect the main slot. The length of the side slots and separation respect the main slot are calculated to minimize a cost function, sum of reflected power plus the radiated power by the two side slots.
The analysis is carried out (using the model explained previously) on an infinite periodic structure in one dimension ( direction) and an array of three radiating elements (nine slots) in direction. The central element is studied, and the other two allow to take into account the coupling between radiating elements. The lengths and distances that minimize the earlier cost function, for different lengths of the central slot of the trio, are represented in Fig. 7(a) . Fig. 7(b) shows the reflection coefficient for one radiating element, comparing three cases: one individual slot, three slots (alone), and three groups of three slots to consider the coupling among elements.
Figs. 8 and 9 show the radiated and transmitted field. Fig. 8 shows the radiated and transmitted power (in percentage respect the incident power) and Fig. 9 shows the phase of the radiated and transmitted field for different lengths of the main slot. These magnitudes are represented for an isolated radiating element and for a structure of three radiating elements, displaying the radiated and transmitted power by the central element, to analyze the effect of the coupling between elements. 
C. Array Design
The array of slots (in direction) is designed to radiate two beams (Fig. 6) , with angles in the plane (Fig. 1 ) respect z-axis (90-) of and for Astra and Hispasat Satellites. Each beam is generated from the feeding structure situated at the opposite sides of the antenna. As both angles are very close, a completely symmetrical design has been carried out, with 20 slot trios (radiating elements) per column and 24 slot trios per row. The antenna is designed to get good aperture efficiency for both beams: this implies a compromise between an uniform amplitude at the aperture and a minimum residual power at the end of the antenna. Besides, since two different beams excited from opposite sides of the parallel plate have to be optimized, only the parameters (length and position of the slots) of one half of the antenna (10 trios) can be optimized for each antenna beam: the length of the slots determine the amplitude and the position of the trios of slots determines the phase of the field of the central slot. The design process for the first 10 slot trios follows these steps (the other 10 slot trios are imposed for the second beam):
1. The radiated power of the first 10 trios of slots is calculated from the desired amplitude (dot line in Fig. 10 for the Astra beam).
2.
The length of the main slot is calculated using Fig. 8 , for the required radiated power. With Fig. 8 , the transmitted power (incident power to the second trio) is calculated, and so on, until the 10th slot trio. 3.
Lengths of side slots and relative position of these, are calculated with Fig. 7 . 
4.
The position of the radiating elements (main slot of the trio) is calculated to tilt the beam to the desired direction in plane (90-). To calculate this position, the phase of the transmitted field (inside the parallel plate) for the previous radiating element and the difference of phase of the radiated field between the slot under study and the previous are calculated using results from Fig. 8 , where the effect of slot length is considered. The expression applied is (15) The same procedure is followed for the other beam with the remaining 10 slot trios. Table III shows the result of this design: length of main slot, length of side slots, and position of radiating element. Fig. 10 shows the calculated amplitude of the central slot of the trio for Astra and Hispasat beam. The calculated residual power at the end of the last slot is equal to 1.5% of the incident power.
V. RESULTS
The antenna prototype showed in Figs. 1 and 2 has been built and measured in a spherical near field anechoic system. The main results are shown in Figs. 11 to 13 and Table IV. Fig. 11 shows the reflection coefficient for both beam ports and the isolation between ports. Figs. 12 and 13 display the 2-D copolar and cross-polar radiation patterns in the plane and , plane and conical patterns, respectively, for both beams. Table IV shows the directivity, aperture efficiency, direction of the maximum radiation, beamwidths in the main patterns, and copolar to cross-polar ratio for Astra and Hispasat beams. All these values are obtained from the measured radiation pattern. The directivity has been calculated from the 3-D radiation pattern measurement in the near-field spherical range. Aperture efficiency has been calculated from the directivity , the antenna dimensions ( and in Table I ), and the angle of maximum radiation (16) where is the free-space wavelength. The reflection coefficient is good for both beams, although it is imposed mainly by the feeding network. The difference between both beams is due to manufacturing problems. The isolation between ports is very good, although it is partially due to the high losses of the used material ( in the fiberglass). In Table IV , the direction of the main beam measured is almost equal (the error is less than 0.5 ) to the required one, in both planes, elevation and azimuth. The directivity for both beams (28.8 and 28.6 dBi) implies aperture efficiencies of 42.2% and 40.1%. Considering, that only half of the antenna has been optimized for each beam, these values are good. In this design, cross polar radiation is 24.9 and 25.9 dB lower than polar radiation for each beam.
Antenna pattern measurements are carried out only at the central frequency (12 GHz) , with the purpose of validating the design and analysis procedures. Anyway, this kind of antenna is narrow band, because of the series feeding of the slots (although the patches are fed through a parallel network). Also, beam tilt varies with the frequency, mainly in plane, where the progressive phase depends on the distance (in wavelengths) between the slot trios.
VI. CONCLUSION
This paper shows the design, analysis model and prototyping of a parallel-plate slot antenna used for receiving or transmitting signals from two satellites in one linear polarization (the same for both beams). The analysis model proposed is based on the Hirokawa et al. in [26] , modified to include a tilted beam inside the parallel plate and a two dielectric layers. The design of the antenna introduces a novel way of obtaining the quasi-TEM mode inside the waveguide, through rectangular patches inside the parallel-plate waveguide. The design also introduces a radiating element, that consists in three slots, the central one radiates the required field, while the side ones are designed to minimize the reflections inside the waveguide. In this way a progressive wave inside the parallel plate waveguide is achieved. The design process of the slot array is based on the analysis of different set of slots, using the model proposed in the analysis section. Everything has been validated with an antenna prototype, getting good results in pointing direction, input impedance, radiation pattern, and aperture efficiency.
